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We don’t understand ~85% of the Universe’s matter




The stuff we understand

Fermions Bosons
Matter Force Carriers

. Quarks . Gauge bosons
. Leptons Higgs boson

described by the amazing
Standard Model of Particle Physics



Dark Matter

powerful evidence for New Physics

Dark Energy

(I'll ignore this)

. Neutrinos
0.005% 0.0034%



Overwhelming Evidence, for example:

observed

expected
from
luminous disk
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M33 rotation curve
(fig. 1)




What is Dark Matter?

* all evidence from gravitational interaction

* other interactions tightly constrained

Uncovering its identity is one of the most
important goals in particle physics today



s Dark Matter in a Dark Sector?

a dark sector consists of particles
that don’t interact w/ known strong,
weak, or electromagnetic forces

could explain feeble interactions between
dark matter and ordinary matter



This talk

A new frontier in experimental exploration:
MeV-to-GeV masses
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https://indico.fnal.gov/conferenceDisplay.py?confld=13702
U.S. Cosmic Visions: New Ideas in Dark Matter

23-25 March 2017 Stamp Student Union

US/Eastern timezone

Covervew

Scientific Programme DOE Office of High Energy Physics (HEP) is interested in
Timetable identifying new, small projects for dark matter searches in
Contribution List areas of parameter space [...] not currently [...] explored.
Author index (cost < $10 million)

A possible opportunity to obtain
funding for new small experiments

white paper to appear in O(1) month
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The Dark Matter Landscape

mproton MPlanck 100 M@
1022 eV 1keV 1 GeV 10%8 eV 1008 eV
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m, < 0.2 eV

[

Melectron ~ 0.9 MeV
Miop 7 172 GeV



The Dark Matter Landscape

mproton MPla.nck 100 M@
1022 eV 1keV 1 GeV 10%8 eV 1008 eV

D L E B EEE——

Where look for DM?

> target motivated areas

(and try to cover as much parameter space as possible!)



The Dark Matter Landscape

mproton MPla.nck 100 M@
1022 eV 1keV 1 GeV 10%8 eV 1008 eV

-+ ———-
“thermal”’” DM

~1 keV to 100 TeV

mpwm %, 1 keV mpm < 100 TeV

otherwise, no structure

. otherwise, too much dark matter
smaller than dwarf galaxies
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The Dark Matter Landscape

mproton MPlanck 100 M@
1022 eV 1keV 1GeV 1028 eV 1098 eV
€¢ ° 99
asymmetric’ DM oo Ly Zorek

Why IS QDM ~ O QB?
T— from a baryon asymmetry!

mpm ~ dm, ~ 5 GeV  (but large range possible)

(many other models: SIMP, ELDER, Cannibal, Forbidden, ...)

Falkowski, Ruderman,Volansky; Hochberg, Kuflik,Volansky, Wacker; +Murayama; Kuflik, Lorier, Perelstein, Tsai; Farina, Pappadopulo, Ruderman, Trevisan; D'Agnolo, Ruderman
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1 keV 1 MeV 1 GeV 1 TeV

Dark-sector
Dark Matter

More soon!
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Dark-sector
WIMP
Dark Matter >

Weakly Interacting Massive Particles (VWWIMPs)

mpm ~ 100 GeV ("Weak” scale)



1 keV 1 MeV 1 GeV 1 TeV

Dark-sector
WIMP
Dark Matter >

Weakly Interacting Massive Particles (VWWIMPs)

mpm ~ 100 GeV ("Weak” scale)

an excellent candidate for
dark matter due to

WIMP miracle



The WIMP “miracle”

Assume a new, stable particle (X) is in thermal
equilibrium with ordinary matter (f) in early Universe
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equilibrium with ordinary matter (f) in early Universe

(A) thermal equilibrium
XX & ff
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The WIMP “miracle”
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equilibrium with ordinary matter (f) in early Universe

(A) thermal equilibrium
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The WIMP “miracle”

Assume a new, stable particle (X) is in thermal
equilibrium with ordinary matter (f) in early Universe

(A) thermal equilibrium

Increasing O XX v ff
(C)i ““““ (B) Universe expands and cools_
@) L = i
e . X1t
] OMPTIEOT Xk

x=m/T (time -)



0.01

0.001

0.0001

Comoving Number Density

10~

2

107

10-¢

10-¢
10~
10~
10
10-18
10-m
10~
107
10-"
10-%
10~
10-®

The WIMP “miracle”

XX & ff

1
' __— Abundance x —
>

—
——
—————— ———————

-
W - i ———

o~
bl — ————————

Kolb, Turner
(modified)

s aaaal 1 4 2 2 211

100 1000
x=m/T (time -)



The WIMP “miracle”

XX & ff
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The WIMP “miracle”
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The WIMP “miracle”

2

@
g~ weak 5 N].pb

(100 GeV)

WIMPs point to ~100 GeV scale!

Higgs Hierarchy problem also predicts
new particles at ~100 GeV

(e.g. supersymmetry)

Very intriguing!



Many ongoing searches for VWIMPs
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Many ongoing searches for VWIMPs
o
SMXDM
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Direct
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Many ongoing searches for VWIMPs
DM
X
SM SM
SM /DM
Colliders
SM DM
DM SM
e Indirect
Detection
DM SM

DM
Direct

Detection
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But must search also beyond WIMP paradigm!

* no convincing evidence for WIMPs (yet)
* no new physics at LHC (yet)

* several known production mechanisms

freeze-out, asymmetric, freeze-in, SIMP, ELDER, Forbidden...

e “small-scale crisis’ of cold DM

(self-interactions through a new force!?)



1 keV 1 MeV 1 GeV 1 TeV

Dark-sector WIMPs
Dark Matter

focus on
MeV-to-GeV masses
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Dark Matter + Dark Photon

-

Dark Sector

DM +A’

~




-

particles + forces

" Standard Model

J

Portal?

Dark Sector
DM + A4’




The photon and A" can mix !

“kinetic mixing”
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i Standard Model \ /)/ A/ Dark Sector
particles + forces IR DM +A’
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The photon and A" can mix !

“kinetic mixing”

4 )

i Standard Model \ /)/ A/ Dark Sector
particles + forces IR DM +A’

\_ J 6 \_ )
Holdom
T Galison, Manohar

mixing strength

—> A’ couples to DM, quarks, & charged leptons



Several experiments will probe mediators directly

1074

107] e.g. APEX, HPS @)]Lab

1 0_7 Belle-ll
NUJ Sab~! -
1 0—8 _
107° :
LHCb

1 0—10 B
Pre-2021

10—11 S

1073 1072 107" 1

my [GeV]



Dark Matter + Dark Photon
0% SM

X S

can obtain observed relic abundance via freeze-out

(also via freeze-in, asymmetric, SIMP...)



Dark Matter + Dark Photon
0% SM

X S

fixes cross section, O



Produce Dark Matter at a beam dump
e.g.@SLAC’s EI37

Bjorken et.al.
Batell, RE, Surujon

€

Electron
Beam Target Dirt

Production




Produce Dark Matter at a beam dump
e.g.@SLAC’s EI37

Bjorken et.al.
Batell, RE, Surujon

e X
Electron e
Beam Target Dirt Detector
X X
Production Scattering A




Produce Dark Matter at a beam dump
e.g.@SLAC’s EI37

Bjorken et.al.
Batell, RE, Surujon

Electron
Beam Target Dirt Detector

ask your local expert Eder lzaguirre about new
proposed experiments (e.g. BDX, LDMX)

see also e.g. Batell, Pospelov, Ritz; Deniverville, Pospelov, Ritz; Deniverville, McKeen, Ritz; Aguilar-Arevalo et.al ;
Krnjaic, Izaguirre, Schuster, Toro; Diamond, Schuster; RE, Mardon, Papucci,Volansky, Zhong; etc.



New experiments can probe severa

I“

thermal” targets!

All Experiments (Kinetic Mixing + Elastically Coupled DM)

LHC

. LEP

DarkLight E 49@BNL
@JN87/9 9@BN
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-
-
-
-
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e ———

Belle 11

ma = 3my

Dark Sector Report, 1608.08632
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Direct Detection

DM DM
s
SM \SM

—_—

Time




How does this work for WIMPs!?

Put a detector with lots of
atoms deep underground
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How does this work for WIMPs!?

Put a detector with lots of
atoms deep underground

and wait... until...

light

Recoiling charge

Nucleus



A typical direct detection curve
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A typical direct detection curve

nuclear recoil

/energy too Sma”
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Current Direct Detection Constraints

]
—r
=)

3

—r

<
N
o

10742

Dark Matter—nucleon cross section [cm
Dark Matter—-nucleon cross section [pb]

'.--..
0~ "Be v, 107°
..Illl8---‘
Bv:
10-46 . 10-10
“‘
1074 , .&--;‘10-12
""""Am‘O‘S“);‘ ic and DS
-50 | e | e |
10 1 10 100 1000

Dark Matter Mass [GeV/c?]
WIMP limit plotter: Saab & Figueroa



Direct detection: projections
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Conventional wisdom:

no sensitivity to DM w/ mass «<GeV
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Dark Matter Mass [GeV/c?]



Take-away message:

* Direct-detection constraints exist to mpm~5 MeV
- significant improvements in ~2-3 years
» probe many dark matter candidates!

103 | 10-2 | 10-1 | 1 10 100 1000
Dark Matter Mass [GeV/c?]



Cannot use elastic nuclear recoils for detection

Light DM < 1 GeV




Cannot use elastic nuclear recoils for detection

Light DM < 1 GeV

Pa Not enough
energy transfer
\ Can’t see

recoiling nucleus




But DM could also scatter off electrons!

RE, Mardon, Volansky




But DM could also scatter off electrons!

RE, Mardon, Volansky
\@/

Atom

this can transfer most of DM energy

Signal: one or a few electrons or photons



DMb-electron scattering can probe <GeV

to overcome binding energy A F/

1
heed EDM ~ 5 MpDM 'U%M > AE

AFE
VDM 5 00 km/s ——> MDM Z 300 keV (1 eV)



DMb-electron scattering can probe <GeV

to overcome binding energy A F/

1
heed Epyv ~ 5 MDM ’U%M > AFE

AFE
VDM 5 00 km/s ——> MDM Z 300 keV (1 eV)

Note: typical recoil energy of e is a few eV
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mass

Type Examples threshold

Noble liquids Xe, Ar, He ~5 MeV

RE, Mardon,Volansky

RE, Manalaysay, Mardon, Sorensen,Volansky

RE, Fernandez-Serra, Mardon, Soto,Volansky, Yu
Derenzo, RE, Massari, Soto, Yu

RE,Volansky, Yu

Graham, Kaplan, Rajendran, Walters

Lee, Lisanti, Mishra-Sharma, Safdi
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Type Examples mass
ypP P threshold
Noble liquids Xe, Ar, He ~5 MeV
Semi-conductors Ge, Si ~200 keV

RE, Mardon,Volansky
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Type Examples mass
ypP P threshold
conduction
Noble liquids Xe, Ar, He ~5 MeV @)
band 1
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Semi-conductors Ge, Si ~200 keV o
valence
Scintillators | 9@As: Nal, Csl.\ 504 oy
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mass

threshold Status

Type Examples

Done w/ XENON10+100 data;

Noble liquids Xe, Ar, He ~5 MeV . .
Improvements possible

Semi-conductors Ge, Si ~200 keV New experiments soon!
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Target materials for electron recoils!?

mass

threshold Status

Type Examples

Done w/ XENON10+100 data;

Noble liquids Xe, Ar, He ~5 MeV . .
Improvements possible

Semi-conductors Ge, Si ~200 keV New experiments soon!

GaAs, Nal, Csil,

Scintillators ~200 keV R&D required

many other ideas!

RE Mardon.Volansky need collaborations between particle

RE, Manalaysay, Mardon, Sorensen,Volansky
RE, Fernandez-Serra, Mardon, Soto,Volansky, Yu

Derento RE. Massarh Soto 1 and condensed matter theorists,

RE,Volansky, Yu

Graham, Kaplan, Rajendran, Walters expe ri m e ntal i Sts, i n Stru m e ntal i Sts, )

Lee, Lisanti, Mishra-Sharma, Safdi




XENON10 detector schematic

PMT’s
Xe gas

Xe liquid

PMT’s

ran in 2006/2007, sensitive to single electrons!
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one e produces
~27 detected photons!




Signal and Data: XENONI0

RE, Volansky, Yu

updated from

<Tle> 1 2 3 4 5 6 RE, Manalaysay, Mardon,
- mmy =30 MeV XENON10
- m)(leO MeV 15 kg—days
10 [ ]
m I
&
=
O
% ] -
0.1 '
50 100 150
PE

XENON10: 1104.3088 (P. Sorensen et.al.)



Signal and Data: XENONI0

RE, Volansky, Yu

updated from

<TL€> 1 2 3 4 5 6 RE, Manalaysay, Mardon,
- mmy =30 Mey XENON10
: lmX:IOO MeV 15 kg—days
10 I ~
- large detector background
g reduces sensitivity!
O
5 ] -
50 100 150
PE

XENON10: 1104.3088 (P. Sorensen et.al.)
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RE, Volansky, Yu

updated from

RE, Manalaysay, Mardon,
Sorensen, Volansky, 2012



XENONI0+XENONI00 constraint

o, [cm?]

10—33
1034
10-33
1073¢
10737
107®
10-%9
1074
10741
1074
10~

10~

10—45 i

1

10

R L
102

m, [MeV]

N L
10°

10*

RE, Volansky, Yu

updated from

RE, Manalaysay, Mardon,
Sorensen, Volansky, 2012

XENONIO00
has data for

Ne 2= 4e”

XENON100: 1605.06262



Recall: Dark matter + dark photon model

X SM

relic abundance fixes
model parameters

see e.g. Boehm & Fayet (2003); Borodatchenkova, Choudhury, Drees (2005);
|zaguirre, Krnjaic, Schuster, Toro (2015); RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu (2015)



Recall: Dark matter + dark photon model

X SM

€ €

relic abundance fixes fixes direct detection
model parameters rates

see e.g. Boehm & Fayet (2003); Borodatchenkova, Choudhury, Drees (2005);
|zaguirre, Krnjaic, Schuster, Toro (2015); RE, Fernandez-Serra, Mardon, Soto, Volansky, Yu (2015)



Two benchmark models: scalar DM & fermion DM
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XENONI0/100 vs Benchmarks!?
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XENONI0/100 vs Benchmarks!?
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Semiconductors & Scintillators (schematic)
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Current best semiconductor limit (DAMIC, Si)

RE, Fernandez-Serra, Mardon, Soto,Volansky, Yu
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Rates increase dramatically for lower thresholds
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Rates increase dramatically for lower thresholds

RE, Fernandez-Serra, Mardon, Soto,Volansky, Yu
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Rates increase dramatically for lower thresholds

RE, Fernandez-Serra, Mardon, Soto,Volansky, Yu

E, [eV]
1.1 47 83 119 155 19.1 22.7 263 299 335 37.1
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An exciting new detector: SENSEI

Fermilab LDRD:Tiffenberg (Pl), Bebek, Guardincerri, Haro, Holland, RE, Mardon,Volansky, Yu

silicon CCDs =

ARV

conduction

valence band

Figure credit: J. Tiffenberg
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An exciting new detector: SENSEI

Fermilab LDRD:Tiffenberg (Pl), Bebek, Guardincerri, Haro, Holland, RE, Mardon,Volansky, Yu

silicon CCDs Regular CCD

“large” readout

c:c[)@j noise (2e°)
(NI “Skipper” CCD
>%h.'m recently

demonstrated
- - noise of 0.06e- !

Figure credit: J. Tiffenberg l

skipper CCD developed by the SenSitiVit)’ to
LBNL MicroSystems Lab

(Steve Holland, Christopher Bebek) single electrons!

conduction

valence band




#entries per 0.02 e- bin
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An exciting new detector: SENSEI

Fermilab LDRD:Tiffenberg (Pl), Bebek, Guardincerri, Haro, Holland, RE, Mardon,Volansky, Yu

Sub-Electron-Noise Skipper CCD Experimental Instrument



An exciting new detector: SENSEI

Fermilab LDRD:Tiffenberg (Pl), Bebek, Guardincerri, Haro, Holland, RE, Mardon,Volansky, Yu

Sub-Electron-Noise Skipper CCD Experimental Instrument

* 1 gram is being installed in MINOS hall right now —
expected to produce non-trivial science result!
* We'’re developing proposal for a ~100 gram experiment

e ~$1.2 million

* Timescale: if get money, results in <3 years



Prospects for SENSEI-like experiment
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SENSEI can probe other models too!
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SENSEI can probe other models too!
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SENSEI can probe other models too!

o, [cm?]

10—30
10—31
10—32

10—33

10-4
10~
10736
10-7
10738
1073
10~
10~ |

1

ma <K 1 keV

theory target:
“freeze-in”

colliders cannot
probe this
theory target!



Explosion of new direct-detection ideas in last few years
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Explosion of new direct-detection ideas in last few years

Photon emission

Chemical-bond breaking
Superfluid Helium < NR
<

DM mass
(scattering)

meV 1eV 1 keV
| | | DM mass
< > .
| | | (absorption)
<
<
<
<
<
: ER
Superconductors Semiconductors Noble liquids
magnetic bubble chambers  Scintillators 2D targets

Dark Sectors Report, 1608.08632
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Summary

Goal: uncover the identity of dark matter!

A new frontier for experimental exploration:
dark matter and new forces at the MeV-to-GeV scale

Direct detection down to MeV masses is possible!

Various theory targets can be extensively tested by
new direct-detection, colliding-beam, & fixed-target
searches in next ~3-10 years



Thank you!



SENSEI: backgrounds!?

 readout noise is irrelevant
* Solar neutrinos are irrelevant RE, Sholapurkar,Yu (in progress)

* Radiogenic backgrounds <1 event in relevant energy range
(based on projections for measured values at O(50 eV))

* threshold likely limited by dark currents to 2 or 3 e

4k x 4k = 16 million pix CCD, readout time ~1 hour

Number of DC events (100 g y)
Qin
1 1x10*
> 2x107°
3 3x10~1

J Tiffenberg (measured upper limit) (theoretical expectation)



Prospects?
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Prospects?
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Scintillators

Derenzo, RE, Massari, Soto, Yu

* Challenges:

* need photodetectors w/ high detection efficiency & low
backgrounds

 R&D based on SuperCDMS TES technology by M. Pyle et al.
(requires cryogenic scintillator!)

* need scintillator with low band gap, high purity, & high
“radiative efficiency”

* GaAs(Si,B) is an excellent candidate
* Afterglow?

* GaAs(Si,B) seems to have no afterglow!

* More R&D required, but very promising!



GaAs doped w/ Si & B as a scintillator target

work by Stephen Derenzo & LBNL scintillator group
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1.0
T e b i » good QE for energy
,,,,,,,,,,,,,,,,,,,, .40 keVpXrayexcltator
08 T transfers down to Egp
5 bbb * emission peaks at |.46 &
: 1.33 eV
S T * Si, B doping is essential
0z | for cryogenic scintillation
* |uminosity ~ 30 y/keV
0.0

800 820 i ‘840i i i8601 i 880 900 920 940 i ‘9605 (|I|<e LXe)

Wavelength (nm)

bound exciton Si-B donor-acceptor
recombination recombination



Intensity (a.u.)

No apparent afterglow in GaAs(Si,B)!

work by Stephen Derenzo & LBNL scintillator group
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* irradiate sample w/ x-rays 50 keVp at 10 K for 30 min

* turn off beam, increase temperature over | hr, record emission

* GaAs shows no metastable radiative traps (unlike Nal, Csl)




